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(n tlir p:!s( liiilr ociUurv ;is(r(5nt)nii'rs linve pre nndo d inunlxiiid wilh n nt'^v vicMv oriliL* 
iinivorsis with y'limp^cs iil' I lie iini uiv of iiifinily awil ulcniity thai hL^'Uiir 1 li^Mi]in)>inaiic>n. 
I'.irticiikn ly, iii flit' [i;isl dcciidc. NASA's urliitiiig spiici^cru fl as well as |'ri)UiiiM>asCil 
astrunoniy Imumlit tu inairs nilLTilion lic^ivunly hcKlius. sourcos tifLMiuri^y. stulliir ami 
I'ukictic pluMionk-na, ^ihoui (he (uiliiiv ol" which tlic woiid's sl iunlisis r;iii luily siiniiisc. 

|-sr)Ujric iis ihcse lu'sv ilisc^n'crics niny he, ;isl rotioiiicrs look to IIh* aiUicipatctl Space 
I cicscifpe tn i>n)vaic iinpnived iiiulcrslaiiilitig oS these pliein>iiicna as well us of Ihu new 
sL-erets ol' the eosnms which they expect it to Linv^cil/Miis inslriiriieiit, whieh can i:>hsorve 
olijcets up It) 30 to 100 niiics t'niiiicr lluiti those accessihlc to (he most powerlul l^aMlidiascil 
tcle^1ecipcs iisiiii! similar techiiii|iies, will uxtend the iise of various iistronoiniciil iiiclliocls li> 
i!uich iireuler tlislanccs. It is iiol iiii possible that ohservations with this lclesci)pe will prcjvide 
fihiTipses i)( soiiic of the carliust galaxies which Wi:Tu tbniied, aiul there is u rL*innter 
possihility tluit it will tell us soinctliing ahoiit the eilge of the universe. 

The researches of ilic punt 10 yunrs, plus the possibility of even niore rLnukiinciital 
discoveries in the next decade, arc lusciiiatin^ layiiKii uiul Tiiinp Ihc iinngiiKitioM nf yoiiclu 
NASA's intiuiries into public iiitercst in the space proprani idiow tluit u nuijor source ol' rnich 
interest is stellar and galactic ustrnnomy. NASA's eniihling Act, the Space Act of 1958, lists 
a priniury purpose of NA^A, ''the cxpunHioii uf luinuiii kiios^lcdge of pheiioniena lu the 
atinosphere ^iiul spuce*'; the Aet rccpiires of NASA that *1t provide tor the widest 
practieahle antl uppropriatu disscniination of infornuitioii ecinee ruing its activities and the 
results of those activities/' 

In the light of the Ld>ove. NASA is publishing for scienee teachers, particularly teachers 
of secondary schoul chcniistry, pliysies, and Hartli science, the following four booklets 
prepared hy the Ainericun Astrononiicul Society (AAS)vvitli the cooperation of NASA: 

The Supi'tNova, A Sivilar Spvcuah, hy Dr, W, C. Straka, 
Departtnent of Physics, Jackson Stute Uiiiversity^ JucksDn. 
Mississippi. 

Extragalacitc Astrommy, The Universe Meyond tmr Galaxy 
hy Dr. Kenneth C Jacobs, Departinent of Astronomy, 
University of Virginia, Chariottesville, Virginia. 

Chemistry {ichvmi the Skm, by Dr, Richard H. Ganmion, 
National Riidio Abtronomy Observatory, Cliarlottesvillu, 
Virginia. 

Atoms in Astrmrmjy, by Dn Paul A, Blanchard, Theoretical 
Studies Group, NASA Goddard Space Flight Center, 
Greenbelt, Miirykincl 



iii 



■riii' N;ilu>ii d SciLMun* ruuntluiiiui lus LHXipcraUH! iii this prujccl by I'lnuliii^ Inr l(u 
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Kiclinioiul in ord .t to i^ivc (he iiuiiiuscripts a thnrnimli pcda^^dgic ruvicw in tcrins of" 
turriiuliir rclv^ jniv ami chiNsfocMii use. Tlit: ivsiilliMM iMil^liedlions provitle exuiiifiiJ (iccniniis 
nl discnvcrtcs m I Ik^ t;oMin)s, aiul nf tlu' luitiire of tin* scieiilirii: lluuight itiui 
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FOREWORD 



In niany rcHpccts, a^^lronor^iy nmy be rcgardctl us a branch of pliysics. In no area this 
conncctiori nioru relevant or obyioLis than hi the ncld of astrononilcul spectroscopy. Hence, 
more than lialf of this brocluirc is devoted to tliose topics in electromagnetic radiation and 
atomic physics ncedirii for an understanding of nstronomical appHcations. Spectroscnpy is of 
groat importance for astronoiny since virtually all of our informntion about the Sun, the 
stars, and other bodies in the univursu relies upon an analysis of thu electromagnetic 
radiation we receive tVoin IIkmiu 

Although intended priniarily for ieaehers, this brochure has been written so that it can 
be distributed to students if desirLxi, The first section, Basic Topics, would be suitable for a 
ninth-gnuie general science class; the style is simple and repetitive, and no mathematics or 
physics backgrouiul is required, Thc' second section. Intermediate and Advanced Topics, 
requires a knowledge of the iiiuterial in the first section and assumes a generally highoT level 
ot^ achievement and motiviition on the part of the student. These latter topics might fit well 
into junior-level physics, chemistry, or earth-science courses. 

Paul Blanchard 
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Astrononiers at the Kitt Peak National Observatory prepare for 
observations with an muigU'tube spectrograph^ used to record spectra of 
taint astronomical objects. This instrunient is attached to tlie bottom of 
the tube cDiitaining the 2J-ni (84-iri) telcscopa mirror, 
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CHAPTER I 



BASIC TOPICS 



A« What are Atoms? 

1, Atomic structure. As background, let us first recall the difference between a chernical 
element and a chimlcal compouiid, Cliemlcal eicments are those lubstaiicei that cannat 
broken down into simpler ones by cheniical reactions^ and so they arc tlie sinipbst 
substances to display definite cliernlca! properties, Some familiar eleinerits *nre hydrogen 01% 
helium (He), carbon (C), nitrogen (N), oKygen (0), silver (Ag), and gold (Au), Chennical 
compoimds, by contrast, are coiiiposcd of the more basic chemical element. i For ejcainple, 
water (H^O) is n compound, composed of hydrogen and o?cygcn, 

An atom is the smallest imit of a cheniical L'kmeni tliat still possesses the ch^inlcal 
propertiei of that element, A rnolemk is the smallest unit of a chemical compound that still 
possesses the chemical properties of tliat compound* When a compound is created fToni 
elements in a chemical reaction^ the atoms of the elements Join together to form a molecule 
of the compound. Thus, molecules are simply atoms Joined together. 

An atom consists of a very small, clense pnicleus surronnded by a numbar of rapidly 
moving clcctrom. Electrons are light, negatively charged particles that are fiirniliar to m 
from the study of electricity; an electris current is Just a flov^ of electrons, and it is these 
same particles that form the outer part of an atom. The nuolews, in the center of the atomic 
is itself composed of two kitids of particles - pratom and miitrom - which are about 1 fOO 
times heavier than electrotis. The protons carry a positive electric charsa whereas the 
neutrons have no electric charge. Therefore^ the nucleus as a whole is positively cliarged and 
there is an electrical force of attraction between the nucleus and the electrons that binds the 
atom together. The elcctronB do not fall into the nucleus, lio^veverj because they are iti such 
rapid motion around it. Roughly speaking, we can say that the electrons are in orbit around 
tlie nucleus, altliough this analogy with planetary ^notion i§ not entirely correct. 

As measured by the size of the cloud of orbiting electrons^ fltoms are extremely irnaU, 
For example, it would take about 2O0 million hydroger atoms, placed side by side, to 
stretch one centimeter. The nucleus is much smaller - about lOO OOO times smaller thun the 
cloud of electrons orbiting around it, Since the electrons .themselves are smaller thini the 
protons and neutruns that compose the nucleus^ most of nn atom is really empty space! 

Tiie atoms corresponding to different elements differ from each other In two wdys: in 
the numbers of electrons they contain and in the numben of protons and neutrons in the 
nucleus^ Hydrogen, the simplest and ligliteit of all elements, has the simplest atoni of all; a 
single electron in motion about a one-proton nucleus, The ne?ct simplest otoni is that of 
helium, which has two electrons and a nucleus composed of two protons and two neutrons. 
The third simplest atom is that of lithium - a soft, silvery nietal - which has three eleetroni 
and n nucleus of three protons and four neutrons (fig, 1). The most complicated^ naturally 
occurring atom is that of uranium, which has 92 electrons and an equal nuinber of protoris 
in its nucleus* 
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HYDROGEN HELIUM LITHIUM 

ATOIM ATOIVI - ATOM 




HYDROGEN HELIUIVI LITHIUIVl 

ISILJCLEUS NUCLEUS WUCLEUS 



0 = ELECTROM 0 = PROTON 0= NEUTRON 

Figure 1 ~ SclioiTia tic cliagrains of tlic three siiiiplcst atoms (hydrogen, licliuni, lititium) 
and their niicloi. 
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2. States ol matter at high temperature. If a sourct' of energy is avuiliibk, siicli as that 
supplied by i\ cliunucal reaction, moleciilcs cati be brokeit down into their Lomponent 
atoms. Can atoms tlicmselvcs be broken down into electrons nnd nuclei? The answer is 
"^Ycs," but this process nlso ruquirus u source oftjnergy. It is not very tlifllcult to re!nov%^ 
one or two electrons from an atom that alrcnciy \\m a number of tlictn. The removcil of uji 
electron IVom an atom is cnlled Umi^atioh^ and the energy liberated in niUJiy chemical 
reaetions is sLitTieient to cause the ionization of lui atom. Hoover, removiiig most or all of 
the electrons from an atom requires a grvat amount of energy. 

Under conditions of high tcniperaturc. the energy needed to ioiii^.e atoms is supplicil 
by the motions of the atoms themselves. At liigh temperatures, all mnterials vaporize and 
beeonie gases if they are not gases nlready. \w a ps, tlic titoms are l>ee to move uroiiiid imtl 
ure eonstantty colliding with each other. Tlie higher the temperature, thy laster the atoms 
move and the more violent are the collisions. At the surfaecs of some stars — and in the 
extremely hot centers of all stars = these collisions are siirfieiently violent to tear apart the 
atoms into electrons and nuclei. Under such conditions, matter can no longer be said to be 
coni posed of atoms: rather, it Is composed of free electrons and atomic nticlei. 

Finally, can the atomic nuclei tlieinselves be broken down into protons and neutrons? 
The answer again is 'Tes,*' but this process requires amounts of energy far greater tlian 
those required to break down atoms. The study of nuclei and their reactions forms a very 
special branch of physics called Niiclmr pJiyslcs, At very high energies, nLiclei can muct witJi 
each other to form new nuclei or other types of nuelear particles, In tJie centers of stare, 
temperatures are higli enough (millions of degrees) to permit such nuchw reactions to 
occur We now know that these nuclear niuctions are responsible for the energy output of 
the Sun and otlier stars, 

B, Light and Spestroseopy 

1, Ntwton^s prism. An important property of atoms is that they can eiTiit and absorli 
energy in the fonn of liglit. From a study of liiiht emitted or absorbed by the atoms of a gas, 
scientists can learn much about the composition, temperature, and density of that gas. The 
analysis of liglit is ealled spcctrmcopy. 

The great linglish scientist Isaac Newton (1 642-1727) was the fint to show that white 
Ught is actuidly a mixture of all the colors in the rainbow, Newton allow^ed a beam csf 
sunlight to pass throiigh a hole in a window shutter, then through a prisni of gUiss, and 
finally full upon a wliite screen beyond the prisni (fig, 2), He foiind that the prism spreads 
out the white light in a row of colors ealled a spQCtrunu Tlie red light is bent least by the 
prism, and the blue and violet lights are bent most. The coloi-s appear in the order: violet, 
blue, green, yellow, orange, and red, Newton correctly eoncluded thut all of tliese colors are 
present in white li^lit and that the prism merely separates them, 

Newton further showed tliat no color of the spectrum can be broken down into other 
colors, For example, if green light is passed through the prism, only green light conies out 
the other side; no other colors are obseived*J4 on the other hand, purple Ught - a niixture 
of red and blue — is used, these two colors will be separiUed by the prisni, In general, the 
prism can be usud to show what colors arc present in any beam of light. 
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SCREEN 



Fit;urc2 ™ Newtoirs prism expcriinent. 

In experiments of this sort, it Is convenient to use a slii to admit light to the prisni) 
rather than the small iiole whicli Newton first imd. Figure 2 is clTnwn so that we arc tooking 
down the length of t\m slit, wliicli is parallel to the mi$ (long dimension) of the priini. We 
then gel a hand of golors on the sercen, rutlier tliaii uiiarro^ row. Tliisbiuitl of colors \m a 
height eqiial to the height of the slit. If a single color of llglit is passed tlirough the slit, iillne 
of that color appears on the screen behind the prisnu Siicli a line of color is called a ^rpeciral 
line, For example^ green light will produce a green speetrnl line iri the green region of the 
spectrum. Purple light %vil! produce two spectral Hiies — oncred and one blue --at opposite 
ends of the spectrum* 

We have seen that white liglit consists of a mixture of all the colors of the spectrum, 
White light is therefore said to linve a coNiinuom specirmh because the colon rim sniDQthly 
uito each other and no colors are niissing* Experimentation shows that any solid, hot, 
glowing body - or any highly compressed, hot, dense gas - gives off a continuous spectnnii 
of light radiation* A good exuriple is the liglit from an ordinary Incancleiceiit liglit bulb, 

2, Emission llnss^ Sonic sourees of light do not, however, have a continuous spectruni. 
Hot, glowing, thin gases are the most important exuniplesQf such sources. (By a *'thin*' gas 
we mean one of low density, one not highly compre&seci.)lf the light frotn a hot* thin gas is 
passed througli a slit and then a prism, one observes on the screen a pattcni of bright, 
indiyidtiul spectral lines. This kind of spectmni is called a btlghhiim spevtrim or 
(fmissiofhiiiie siwctrum. Obviously^ only certain colors of light are called emitte<l those 
colors that iippear in the spectrum m bright emission lines. The particular patteni of spectral 
lines depends upon the gas, Experiments first perfornied in the 19th century showed that no 
two (li/fcwnt ^^ase.s have exactly ih^ same' pa Hem of spcctml lims, The einlsslor4inc 
spegtmni of a hot, thin gas is tlierefore like the signature of a person - no two are e^cactly 
alike. The spectral emission Hnes of a gas may thus be used to identify that gas wherever it Is 
present, whether in the laboratory or in astrorioitiical sourg^h^ oflight radiutloiu Figure 3 
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illustrates thu tlifferonce bctw^^cn tlie patterns of emission lines in tlie spectra oniydrogen 
(ir)g4is iind mercury (Hg) vapor. 
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Mgure 3 - Line spectra of hydrogen gas (top) and mercury vapor (bottom). 



EniisHioii-line spectra are easy to study in tlic laboratory. The briglitegt spectral lines of 
neoii gas, for example, lie in the red region of the spectrum and tliim account for the red 
color of neon signs. The spectrum of hot mercury vapor has prominent emission lines in the 
yellow, green, and bhie regions of the spectrum (fig. 3), accounting for the greenish color of 
nieicur^^^vapor street lamps. Sodiurn-vapor street lamps, on the other other handj uppeur 
ydlovf beeuuso the brightest emission lines of hot sodium vapor lie in the yellow region of 
the spectrunu In emitting different colors of light to form an cmission4ine spectrum, a hot 
gas must be giving off energy. To keep the gas hot, an outside source of energy, such asim 
electric ciirrent, must be supplied. This energy is then radiated away in the form of light. 

At the fairly high temperatures required to make gases radiate an emission«linu 
spectrunu molecules are broken down into atomi, It is therefore, the atoms In the gas that 
are respomible for giving off the colors of liglit observed. Since different gases are composed 
of different kinds of atoms, it follows that different atoms produce different patterns of 
bright spectral lines when they receive energy from an outside source. The emission-line 
spectrum of a givon hot, thin gas is, therefore, characteristic of tlie atom making up that 
gas. 

a Absorption lines. If atoms can give off light when the necessary energy is supplied by 
an outside source, can they ithsorb light as well? The answer is '*Yes," althougli 
demonstratiny this effect in the laboratory is more difficult than demonstrating the umiision 
of light. To sliow the effect, white light (containing all the colors of the spectrum) Is passed 
through a cool gas and then through a slit into a prism. If the gas were not present in the 
path of tJic white light, a eontlnuous spectrum would be observed on the other side of the 
prLm. With the gas in the path of the white-light beam, however, the spectrum emerging 
rroiii the prism is no longer continuous. Rather, ccrtdin vokm are missi?ig from the 
spectrunu m revealed by the presence of dark abm)riitUm Urns crDssing the continuous 
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spectrum of the white light. At the position of an absorption line, little or no light of that 
color is present in the spectninu Obviously, atoms in the gas must be absorbing those colors 
of light that are missing in the spectnim. A pattern of dark absorption lines crossing an 
otherwise continuous spectrum is called an absorptiorhline spectrum. 

We now come to a fundanientd and very important point. The colors of light absorbed 
by a gas are the same colors cniittDcl by the gas when it is supplied with an outside source of 
energy, Whether the atoms in the gas emit or absorb light depends upon the physical 
conditions in the gas. The emission of light requires either high teniperature or an outside 
source of energy, whereas an absorption spectrum is observed only when a continuous 
spectrum of liglit is passed through the gas, In either case, however, t\w pattern of spectral 
lines k the same for a given gas = that is, for a given atom. Thus, an absorption^line 
spectrum, like an eniission-line spectrum, can be used to identify the kind of atoms (and 
hence chemical elements) present in the gas being observed. 

4. Speetrosaopic analysli. What do wg find if two different gases, corresponding to two 
tlifferent elements, are mixed together and the spectrum of the mixture is observed? If 
white light is passed through the mixture, the absorption spectrum will display dark 
absorption lines due to hoth of the gases (that is, both sets of absorption lines will be 
observed). Similarly, if the mixture is heated to a high temperature or supplied with an 
outside source of energy, emission lines characteristio of both component gases will appear 
in the emission-line spectnmi of the miKture. It is cigar thatt if many different gases are 
mixed together, the spectruni will be very complicated since it contains the spectral lines of 
all the elements making up the mixture. An example of such a comphcated spectnmi is 
presented in Tigure 4, which shows the spectral lines of a hot mixture of the rare gases 
helium (He), neon (Ne), and argon (Ar), which are themselves elements. In this negative 
reproduction, the bright emission lines appear dark; therefore, figure 4 actually shows how 
the absorption spectrum of this mixture would look. (The numbers indicate the wavelengths 
of the spectral lines and may be Ignored for the moment,) 

However, it is possible to disentangle the various patterns of spectral lines in such a 
mixture. This is done by comparing the patterns with catalogs that list the colors of liglit 
absorbed and emitted by the atoms of all the chemical elements. Scientists can then 
recognize poups of spectral lines in the spectrtim of a mixture as being the lines 
characteristic of previously studied elements. In this way, the composition of an unknown 
mixture of elements can be found from a study of its spectnim - a process known as 
spectroscopic analysis. For example^ from a knowledge of the spectra of helium, neon, and 
argon, we could verify that the spectrum of figure 4 is, in fact, a mixture of these gases. 
Spectroscopic analysis is very iniportant in astronomy since we have no means of carrying 
out laboratory experiments on the material of which stars are made. We must, therefore, 
rely on an analysis of starlight to determine the chemical composition of the stars. 

C. The Light from the Stars 

1* Basic facts about the stars. Stars arc hot, glowing spheres of gas at great distances from 
the Sun, which itself is a typical star. Many of the brightest stare In the sky have Latin or 
Arabic names, such as Polaris (the Morth Star) and Aldeharan (the Rye of the Bull), Others 
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Figure 4 - Composite spectrum of the rare gases helium (He), neon (Ne)^ and argon 
(Ar), The nunibprs indicate the wavelengths of the spectral linei in 
Angstroni units. 
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arc nained by giving their brightness mwH, in terms of a number or Greek letter, within the 
star group or constellation in which they appear = for example, ^ Canis Majoris or 31 Cygni. 
Still others are known onlv^ by their numbers in various catalogSj such as HDl 3 147* 



The temperature at the surface of a star can range from a few thousand degrees to 
perhaps as much as lOOOOO degrees Kelvin^ depending upon the kind of star. Stars are 
gaseous throughout, but the pressure and density of the stellar niaterial, as well as the 
temperature, increase rapidly toward the center of the star. Temperatures at the centers of 
stars are many millions of degrees — so hot that nuclear reactions occur. The energy released 
by nuclear reactions is responsible for the entire energy output of the stars into space. The 
nuclear energy filters up through the interior layers of the star^ eventually reaching the 
surface in the form of light. The starlight we can see and analyze conies mainly from tlie 
outermost layers of the star, near the surface. 

The properties of the gas composing the star change gradually as we move from the 
surface of the star into the interior. For many purposes^ however, we may picture a star as 
consisting of two distinct parts: a hotj opaque sptiere of /lighly compressed gas and a cooler 
gaseous atmosphere by which the sphere is surrounded. Nearly all the llglit received from 
the star comes from its main body — the radiating sphere of highly compressed gas. Very 
little light is emitted from the somewhat cooler atmosphere, histeadj atoms in the stellar 
atniosphere absorb certain colors of light from the continuous spectnmi of radiation 
ennitted by the main body of the star, so that we observe an absorption spectrum, 

2. The spectrum of the Sunt The first stellar spectrum to be studied was that of the Sun, 
Bvcn simple observations of the sort performed by Newton reveal the presence of numerous 
faint absorption lines in the solar spectrum, and one may well wonder why Newton himself 
did not notice them* (Some believe tliis was because Newton had poor eyesight!) 

The first detailed investigation of the solar specrum was carried out in the early 19th 
century by Fraunhofer. Tliis scientist made an extensive catalog of the solar absorption lines 
and recorded their positiotiB in the ipectrum, Fraunhofer used capital letters of the alphabet 
to label the strongest lineSj calling them the A-line, the B-llne, etc. The cause of these 
absorption lines was unknown in Fraunhofer's day, but, in the middle of the 19th century, 
it was shown that absorption lines are created when a continuous spectrum of light is passed 
througli a layer of gas. It was natural to assume that solar Unes are formed In the same way 
and to ask whether the atoms respoiisible for the absorption of light in the solar atmosphere 
are the same as those on the Earth- Comparisons of the solar spectrum with the laboratory 
spectra of gases quickly showd that most of the solar absorption lines are due to elements 
known on the Earth, Figure 5 showSj for example, a portion of the yellow region of the 
solar spectnim; the two strong absorption lines in this region were called the D4ines by 
Fraunhofer, Laboratory eKperi merits revealed that these two absorption lines are due to 
sodium vapor, showing that sodium atoms must be present in the solar atmosphere. Within a 
few years, several dozen terrestrial elements had been shown to be present on the Sun^ 
although, even today, many hundreds of lines in the complicated solar spectrum remain 
unidentified. 

It is interesting to note that 19th century scientists could not identify a particular set 
of absorption lines In the solar spectnim with those of any element known on Earth* It was 
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I'igurc 5 - A partinn of tlie yellow region (5880 A to 5900 A)orTliusolur Hpuctrum. 

The two stronu ubsorption lines (Fniunhoicr D-lincs) are due to sodiuni 
vapor. 

thcrcrore piopascil tluit these lines were causgd by uii element present on the Sun but not 
on the liurth. This new element was cnlled 'lielium,'' from the Greek word '^helios" 
meaning sun, Luter, lielium was found to exist on Uurth, being present in signiiicunt 
quantities in deposits of natural gas. We now know that, next to hydrogen, helium is tlie 
most abundant element in the universe. 

3. Stellar spectra, Study of the speetra of tlie brightest star^ ulso began in the 19th 
century. Rven from the earliest observations, carried uut visunlly, it wm eleur that all stellur 
spectra do not look alike and that only a sinall fraction rusemblt^ that of the Slhi. By the last 
deeude of the 19th century, progress in the photography of taint Dbjeets permitted large 
numbers of stellar spectra to be photographed and elussined. FigiJrc 6 presents a 
vepresetitative sum pie of stellar spectra and shows how diflerent ihey can be in general 
appcaranee. rhotographs do not show the entire spectrum, but only the portion from the 
green (right-hand edge) to the violet (leftduuul edge). Kaeh spectrimi is labeled by the name 
of the star in the riglit-hund margin. The letters and numerals at the left of tlie figure 
indicate the sptfctra/ type of the star, bused on the overall appearaiiw of its spectrum. 
Several spcetrul lines of hydrogen (H), belonging to the Balmer series, are ideiitified. The 
spectrum of the Slui is not shown in ngure 6, but it is roughly simiUir to that of the star ^ 
Com. Although emissio!i lines can be seen in tlie spectra of sonic stars, the great niajority ot 
stellar spectral lines are absorption lines. These spectra generally conFirm our view that 
eertuin colors of light are being absorbed froni the eontiniious srectnini of the main body 
of the star by atoms in the cooler stellar atmosphere. 

We now turn to some new (juestioiis: why is there such a wide range of types of stellar 
spectra, and why do most look so different from that of the Sun? For exam pic, some of the 
!spectra in llgure 6 show strong lines of hydrogren, whereas others show these lines more 
weakly or hardly ut alL Does this mean that stars difler widely in the amount of iiydrogen 
they conluin? Not necessarily; in fact, most stars contain much the sanie proportions of 
hydrogen and other elements, 

To understand this point, let us return to a discussion of spectroscopic analysis, We 
have seen thai diflerent iiiixtures of elements have different spi^gtra and that the presence of 
spectral lines due to a particular element is proof that the elenienl is present in the mixture. 
There is. however, another important fact that we have not mentioned until now: the 
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spectrum of a gas compDsed of Ulflbrent lileiiierits depends not orily on whai elemenis are 
proscuit, but also on the tcmpetciiure of thg gas. That is, the speciruni of a given niLxture of 
gkMnents can look dirterent at dilTerent teniperatures. Tliti rcasoiis for this temperaiure 
effect nre discussed in later sections or tliis publication. Briefly, collisions between the 
atoms in* the gas are more importnnt at high temperatures than at low temperatures. The 
relative importance of eollisioiis bDlw^een llie atoms - w^hicli niay^ for example, lead to 
ionii^ation of the atoms - turn^ out to be a key f^aetor in the appearance of the spectruni. 
Tlierefore, when the spectral linys of a given elLMneiil are weak or niissing in a spectmm, we 
mmt he cautious in our condusioiB. This observation iiuiy mean that the elenieat in 
question is present In low concentration, or iiot present at all, in tlie niiKture of elements 
bcMng observed. However, it may also niean that the temperature of the gas is not in the 
range of values that tavors the ateorption of those pnrticular colors of light by the element 
ill (jLiestion. 

In the late 19th century, many astrMomers believed that the variety of stellar spectra 
wm due to actual differences in coniposition among the sturs, By the 1920s, however, 
advLinees in physics enablcu scientists to tiike into aecoiiiit the temperature effect. The 
scientists were then able to preclict how the spectruni of a given mixture of gases would look 
at different temperatures. They tiuickly fomd that almost all of the differences between 
vurious types of stellar spcQtra could be eKplained by the teiiiperature differences of the 
stars. The proportions of elenitMits making up the absorbing atmospheres of the stars proved 
to be roughly the same fYoni stur to- star anci very siinilar to the proportions of elements in 
the Sun's atniosphere. Most stell^ir s^iectm l^ 

because most stars are eithi^r hotter or cooler than the Sun. In figure 6, the stars whose 
speetrii are shown have been arranged in order of decreasing temperature, with the hottest 
(perhaps 50 000 K) at the tc>p and the cocilest (about 30OO IC) at the bottonu The Sun has a 
tg iiiperature of about 6000 

It is interesting to note that, in the first half of the 19th century, the French 
philosopher Auguste Comtc speculated tliat hiimati bciiigs would never be able to 
understand the nature anoj composition of the starsp By the end of that century, 
spectroscopy had already b^gua to pTovlde this inforniation, In terms of the numbers of 
nuclei present, about 90 percent of a typical star is hyclrogen- Helium makes up nearly all of 
the remaining 10 percent. The elements heavier than hydrogen and helium usually account 
fdronly 1 or 2 percent of th^ tmttcr in the atmosphere of ustar, 
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CHAPTER 11 
INTERMEDIATE AND ADVANCED TOPICS 



A. More About Light: Electromagnetic Radiation 

1. The electromagnetic spectrum. Hviilencc that light [vasds in u'(/i'r,v ilutus froni the 17ih 
and I8lh centuries, l^xanipli^s ot^avc nintion are I'iven in bnsii' physics classes; water waves, 
svaves in a metal spring, sound waves in air, and others. (A wave sent down n jurnp rope, 
generated by shaking one end ot' the rope, is one of the simplest waves to produce and 
observe,) A wave is diagramnied schematically in ligure 7. The tinie required lor one 
complete up-and-down oscillation of the wave is the period /^ The Irequency / is closely 
related to the period; /' is the number of cycles or oscillations the wave completes per 
second, so that The speed v of the wave is the speed with which the "crcMs" of the 

wave move, and the wavelength X (lambda) is the distance between two crests. One crest of 
the wave, traveling with speed v, covers a distance X in the tinic \/J\ therelore, 

X/'^ r (for a general wave) 




Figure 7 - Schematic diagram of a wave. 

Early experiments showed that the wavelengths of visible light waves are extremely 
small. Therefore, it is convenient to define a special unit of length, called the Angsrmm unit, 
in connection with light-wavelength measurements; one Angstrom - 1 A = 
1/100 000 000 cm = 10'^ cm. The color of visible light depends on its wavelength, Violet 
Uglit, with a wavelength of about 4000 A, is the shortest wavelength we can see. Green hght 
has a v^avelength of about 5000 A, and the longest wavelengths visible arc those of red light, 
about 7000 A. To every color of light in the spectrum there corresponds a definite 
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wavckriiith, and vicu vcrsn. The nuuir ol wavclcrHUh^ hetween 4000 A liiiii 7000 A is the 
visthlc s/wt'iruni\ cannol sec wavelengths shorter or Uminn' Wmn these* 

We now know ihul hfht w^iives aiv just a special e.ise uf a more general kiml ol" wave 
ealled an vlvdrowmnvtlc mive. Siieli waves are proikieeil whenever eleelric ehari»es arc 
aecelerateil, and tliey are eliaraeleri/ed by rapidly varyin[i eleelric and niagnelic fields uf 
Ibrce. Hlectroniagnetic waves of any wavelength can be generated, but only those with 
wavelenglhs in the nuige 4000 A to 7000 A can be detected liy our eyes. All 
electroniagnetic waves, regardless of wavelength, travel through eniply space at the 
extreniely high speed v - 300 000 km/s (where 1 ktu 1000 ni). This speed c is the "speed 
of electroniagnetic radiation,'' or, niure loosely, the ''speed of light,-' The relation betwegn 
tile wavelength, trei|ueney, and speed f)f an electromagnetic wave is thus 

X/- c (fur an electroniagnetic wave) 

The range of all possible wavelengths of elecironiagiietie radiation is called the 
vlvctn)numctirsiwvmim (fig. 8), llistoiically, waves in different parts of the spectrum were 
detected and investigated in some cases before it was reali>^ed that all are basically the same 
kind of radiation. Ft is significant that the visible spectrum uf light waves occupies only a 
small portion of the electromagnetic spectrum. To the short-wavelengtli side of the visible 
spectrum lie the ultraviolet, X-ray, and gamma-ray regions; to the long-wavelength side lie 
the infrared, microwave, and radio regions, DIflerent means of detection must be used for 
waves in different regions r)f the spectrinih Many astronomical bodies, such as stars, radiate 
energy over a wide nnge of wavelengths and not just in the visible part of the spectrum, 
Therefore, all wavelengths of the electromagnetic spectrum must be analyzed to give us a 
true picture of the physical conditions in astronomical bodies. 
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Figure 8. - The electromagnetic spectrum. 



2, The quantum theory of ilactromagnatic radiation. One of the most striking discoveries 
of 20th century physics is the dual nature of electromagnetic radiation: under some 
conditions, electromagnetic radiation behaves like a wave, whereas, under other conditions, 
it behaves like a stream of particles called photons. The tiny an^ount of energy carried by a 
photon is called a quantum of energy (plural = quanta), from the Latin word for 'little 
bundle," The quantum theory of radiation was first introduced in 1900 by the great 
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(iurman physicist Mux Planck to exphiiii curtniii propcriics of ruclialing bodicH. Planck 
showccl tluit llic t|uantiini of energy I'! curried by u photon of rudiation was proportionul lo 
the rrciiiieney /of thul rutliation: 

l\ ^ hj (the Planck formnla) 

where // is a finuUinientuI conslunt of physics known as the Planck ciniskmt, (If E is 
nieasurcd in ergs and ,/ In Mert/, or cycles per second, tlien // = 6.624 X 10'"^ erg-s.) From 
our previous equation relating tlie wavelength, speed, and fre(]uency of an electromagnetic 
wave, it is clear, for example, a wave of very short wavelength will have a very liigh 
frecjuency* Thus, a gainnuhray or X-ruy photon will carry a tjuuntum of energy that is much 
greater than that of a visible-light or microwave photon because the frequency is much 
higlien 

The quantum theory of radiation is oi' great importance in atomic physics. We have 
seen thai atoms emit and absorb only certain colors -- that is, wavelengths - of 
electromagnetic rudiation. To each wavelength, or frequency, there corresponds a photon 
carrying a quantum of energy whose size is giveii by the Planck tbrmuku Thus, we can also 
say that atoms emit or absorb (iiamta of electromagnetic energy in the form of photons* 
This quantum description draw? attention to the tact that, in emitting or absorbing photons, 
the atom is losing or gaining energy in certain tletlnite amounts. 

3. Kirchhoff's laws. We have previously seen that there arc basically three types of 
spectra: continuous, emission-line, and absorption-line. A more complete statement of the 
conditions under which these types of spectra are observed was given by the German 
physicist Kirchhoff in 1859: 

• I'Int law: A hot, glowing, solid body, liquid, or highly compressed gas emits a 
continuous spectrum of electromagnetic radiation, 

• Secoful^ law: A hot, glowing, thin gas emits a bright-line spectrum of 
electromagnetic radiation. 

• lliird law: If a continuous spectrum of electromagnetic radiation is passed 
through a layer of this gas, the gas will absorb certain wavelengths of radiation 
from the continuous spectrum, and an absorption spectrum will be observed; the 
wavelengths absorbed are the same as the ones emitted when the gas is heated* 

We have seen that atoms emit or absorb only certain characteristic wavelengths of radiation. 
However, in a solid, liquid, or highly compressed gas, the atoms are jammed close together 
and interfere with each other's natural radiating processes. The result is that, under the 
conditions of the first law, the emitted radiation is actually a blend of spectral lines - in 
effect, a continuous spectrum. To observe the effects of individual atomic emission or 
absorption, we must experiment with a thin gas. In a thin gas, the atoms are relatively far 
apart and do not nubstantially interfere with each other during the emission or absorption of 
radiation. If such a thin gas is heated, we observe an emission-Hne spectrum characteristic of 
the atoms of that gas (second law). If continuous radiation is passed througli the gas, we 
observe an absorption-line spectrum characteristic of individual atoms (third law); in this 
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am, liowuver, the layer of gas nuist be sulTiciently cool that its own emitted radiation does 
not cancel the absorption eftcct to be observed. 



B. Hydrogen: the Simpliit of All Atoms 

1. The Balmer lints. As might be expucted, hydrogen has the simplest spectrum of any 
atom. The first spectral lines of hydrogen to be studied lie mainly in the visible region of the 
spectrum^ although numbers of them crowd tugether toward a limiting wavelenyth in the 
near ultraviolet (fig. 9). This series of lines is called V^d Balntar series, after the Swiss 
schoolteacher who first found the formula for the spacing of the lines. The Hrst few lines are 
labeled by Greek letters. Ha, the firsi line in the Balmer series, lies in the red at 6562 A. The 
second Balmer line, H^, lies in the green at 4861 A; M7 lies in the blue at 4340 A; and so on. 
Although the first few Balmer lines lie in the visible spectnuti, the remainder fall in the 
ultraviolet, crowding closer and closer together until finally they cannot be recognized as 
individual lines. There are no Balmer lines with a wavelength less than 3646 A; this limiting 
wavelength is the Balmer serto limit. 

Noting that the lines appeared to have a very regular spacing, Balmer found - by trial 
and error in 1885 - a formula that predicts their wavelengths. If the first, second, third, 
etc., Balmer lines are numbered by integers n - 3, n - 4, // = 5, etc., as shown in figure 9, 
then the Balmer formula for the wavelength of the nth Balmer line is 
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;i = 3,4, 5,..., 

where R is a fundamental constant of physics called the Rydberg constant: 1/^ - 91 1.4 A, 
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Figure 9 — The Balmer lines of hydrogen, which crowd together toward a series limit 
of 3646 A in the ultraviolet. 



2, The Bohr electron orbits* Until 1913, no one understood why the Balmer formula 
should be correct. In that year, the famous Danish physicist Niels Bohr showed that the 
electron in the hydrogen atom cannot move in any orbit around the nucleus, but only in 
certain circular orbits numbered 1, 2; 3i and so on (fig* 10), The electron cannot emit or 
absorb radiation as long as it moves in one of these Bohr orbits. Each Bohr orbit 
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Figure 10 - Bohr Blectron orbits in liydrogen. Transitioms (electron jumps) from the 
\, 2, and 3 orbits up to larger orbits give rise to the Lyman, Balmer, and 
Paschen series of absorption lines; transitions in the reverse directions 
correspond to emission lines. 
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currcspoiuls to a di^fiiiitc cni'W' statv of Ihc hydrogen atoni, When (he uloctron is in the 
n =^ 1 orbit, the atom is in itn lowest stale of energy. Othur orbits represent higher energy 
states; the higher the vahie and llie hirger the orbit, tlie higher the energy stale of the 
utoin. 

rhiis, (he hydrouen iiiuni eun eiuil or absoib energy ordy if the eieetroii jinnps belweun 
dil'lerent IJohr orbits. If an eleetron iuinps froin a large, liigh-energy orbit down to asnialler, 
low-energy one, the altMii vmits eleetromagnelie radiation; liolir I'oLnid that tlie aiiiount (jf 
energy earrieil away by tliis radiation exaetly etjuuls the diffvrvm v in energy of the two 
t)rbits involved. Using the (juantiun description, we may also say tliat the atom emits a 
photon whose energy is equal to the difterence in energy of the two orbits. This quantum of 
energy correHponds, by the Plunek I'ormula, to an electromagnetie wave of a delinite 
rret|uency and waveiciHjili; theretbre, the dowtiwarU jump of the eleetron ih revealed by the 
presence ol' an emission line in the speetrunu The bytlrogen atom ean who absorb quanta of 
energy in eleetron jumps froni smaller to larger orbits. However, the electron cannot jump 
from a snuiller to a larger orbit utdess the energy of the incident radiation exactly matches 
the energy dil lerence between two orbits. That is, a photon of just the right energy is 
recpiired to generate an eleetron jump up to a particular larger orbit. Therefore, radiation of 
most rretjueneies will not lead to any absorption electron jumps. But, if a continuous 
spectrum of radiation is passed through u gas of hydrogen atoms, there will be some 
radiation at just the right fre(]uencies to cause various upward jumps of the electrons. The 
atoms will then absorb these freciuencies or wavelengths from the beam of continuous 
radiation, and we will observe an absorption spcctnun. Since the wavelengths absorbed or 
emitted are determined by the energy difterences between the various Bohr orbits, this 
theory explains the fact that the emission and absorption spectra of hydrogen gas have the 
same patterns of spectral lines. 

Bohr lurther showed that the radius of the uX\\ Bohr orbit is proportional io and 
that the energy associated with this orbit is proportional to 1///^, Using the Planck formula 
to relate the energy dillerence of the orbits;/ and /;/ to the wavelength X^^^^^ of the radiation 
absorbed or enn'lted in electron jumps between thenh Bohr was able to prove Rydbvrg 
jhrniula 



I 1 



.i.2 ^ 



(the Rydberg formula) 



where it is assiuned that /;/ is less than /?. This relationship had been established earlier by 
Ryilberg from obseivutions of several series of hydrogen spectral lines. Electron Jumps 
beginning from or ending on the ni - I orbit and where n - 2, 3, 4, . . give rise to the 
Lyman series of spectral lines in the ultraviolet region of the spectrum. Electron jumps 
beginning t>om or ending on the ni - 2 orbit, with n " 3, 4, 5, , give rise to the Bahmr 
scries of spectral lines (see figs, 6 and 9), Other series of lines correspond to electron jum|is 
iicginning from or ending on still larger orbits - for example, the Paschen series (m - 3) in 
the infrared (see tig, 10 tor the case of absorption transitions). 

Historically, the Babner lines of bydrogen have been the most important because only 
this series of lines has members lying In the visible region of the spectrum. Let us further 
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cxainino the Ualnier absofption tninsi lions, lor wliicli tlic electron niiisl initially be in the 2 
orbit. Tiio atom can tlicn absorb radiation in an electron jump from'tiic 2 orbit to tlio 3 
orbit, tiic wavelength ol" this ratliation being that of tlie first Baimer iinc, Ha. Tiie second 
nulnier line. H^, corresponds to an electron jump Irom the 2 orbit to the 4 orbit, and soon. 
The integers numbcrinii the Balmcr lines in figure 9 give the number of the higher orbit to 
wtiicli tlie electron is jumping when the atom absorbs radiation of a wavelength 
coirespondinii to that spectral line. These wavelengths are given by the /;j = 2 case of the 
Rydberp tbrniiila, which then reduces to the Baimer formula. 

If wc let II **gt> to infinity" in tlie Baimer formula - that is, if we drop the term 
involviin^ 1//;- - we can calculate the wavelength of radiation required to reniove the 
electron to an infinitely large orbit and so ionhe the atom. A simple calculation gives this 
wavelength as 4 X ( \/R) = 3646 A approximately; this is the series limit wavelength for the 
Baimer series. Baimer wavelengths of radiation longer than this can excite an electron from 
the 2 orbit up to a higher energy orbit but cannot ionize the atom. Any wavelength ot 
radiation shorter than the Baimer scries limit, however, can ionize a iiydrogen atom with its 
electron in the 2 orbit; in tins case, the freed electron is left with some residual kinetic 
energy 

3. Excitation and ionization of hydrogen by collisions. We have seen that radiation can 
excite hydrogen atoms by moving their eicctrons up to iiigher energy orbits and can also 
ionize them. It is Important to recognize, however, that callisions between the atoms (and 
with electrons of other atoms) can have the same effect. 

In a gas of hydrogen atoms, energy is constantly being exchanged among the atoms by 
u 'llisions. The kinetic energy of the atoms as a whole represent part of this energy, but 
some energy is also available to excite the electrons in the atoms up to higher energy orbits. 
At low temperatures, there is little collisional energy available for excitation, and nearly all 
of tin atoms have their electrons in the lowest energy, » = 1 Bohr orbit. As the temperature 
is increased, however, the proportion of atoms with electrons in the n = 2, 3, 4, and higher 
orbits is increased as well. Above about 10 000 K, so many of the electrons are in higlily 
excited orbits that ionizatioti by cnllision becomes important since electrons far from the 
nucleus are easily removed by collisions with other atoms or electrons. At very higli 
temperatures, nearly all of the gas is ionized; there are then no etTilssion nor absorption lines 
visible in the spectrum as there are hardly any netural atoms left to do the absorbing and 
emitting! 



C. Stellar Spectral Types 

1. Classification of stellar spectra. The spectra shown previously in figure 6 are 
representative of the many types encountered; that is, most stellar spectra look rather 
similar to one of these representative types. The early work on stellar spectra consisted of 
crude attempts to put the spectra into various classes, or types, on the basis of their general 
appearance: the number of spectral lines present, the positions of the lines, and the 
strengths of the lines. These types were called A, B, C, and so on, after the letters of the 
alphabet. 

32 
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I3y ihv enrly 1900s, svIkmi niuiiy pliotngraphs of spcctni weru aivailahk for sliuly, two 
lucts cmcrgecL First, it was [ouiul that uaiiicr workers luul put iiilo ftcpivrale classes many 
spcutra ihut vvurc actually siiiiilar so that soiiic classes could be eMmiiiatetl or included in 
others. Secoiuh aiul niore hnportant, it was tbund that the renuuning types could be 
arranged in a row, or s-qucnce, in whieli the various spectral leaturcs varied smoothly rrom 
one end of the s«^cjuence to the other. Sonie spectra do not lit into this onenlimensional 
classincation schcfne, but perluips 90 percent of all spectra do in fact fit in somewhere in 
the socalled sc(/twtitv of spvvtnd fypvs, or s/}cctral scciticftcc. The letters of Hie spectral 
types run in this order: OB-A-F-G^K-M. (The standard njneinonic lor the spectral sequenec 
is '"-(Jh^ IJQ A Hue C;irl! Km Ahl"^) The 0-type spectra are characterized by weak Balmer 
lines of hydrogen and the lines of ionized helium, as well as a few lines of other highly 
ionized elements. The B-typc spectra display lines of neutral helium, and the Balmer lines 
are stronger than in type O. Tlie A-type spectra have the stronycst Balmer lines of any 
spectral type, hi F-type spectra, the Balmer lines are weaker than in type A and the 
spectrum liegins to grow more Lomplex, with many lines of both neutral and ionized metals 
starting to appear. The Balmer lines lade steadily tlirough the spectral types G, K, and M, as 
lines due to neutral metals and, finally, molecules dominate the spectrunu Within a given 
spectral type, tlu spectra are further graded in appearance on a scale of zero to nine. Fur 
example, an AS spectrum is midway in appearance between an AO spectnmi and and FO 
spectrum. The Sun has a type 02 spectrum. Types O, B, and A are customarily called 
^'early" spectral types and types K and M 'late'' spectral types, as it used to be thought 
(incorrectly) that the spectral sequence represented successive stages of stellar evolution. 

2. Strength of the Balmer absorption lines: a clue to temperiture. The fact thut nearly all 
stellar spectra can l^e arranged in a one-dimensional sequence strongly suggests that most 
stars difter in only one respect, In the 1920s, it was shown that differences in temperature 
can account for nearly all differences between the spectra in the spectral sequence of figure 
6. These temperatiire differences lead to difterent degrees of excitation and ionization of 
the atoms in the stellar atmosphere and, therefore, to pronounced variations in the 
appearance of the spectra. The strength of the hydrogen Balmer lines, in the visible part of 
the spectrum, provides a good illustration of the effects of excitation and ionization. (The 
''strength" of an alisorption line is proportional to the percentage of continuous radiation 
absorlied at the wavelength in quesdon; the actual amount of continuous radiation present 
at that wavelength does not matter.) 

Consider first the cases of the O starSj which are now known to have surface 
temperatures of 25 000 K or higher. At such high temperatures, because of the violent 
collisions between the atoms, hydrogen is mostly /o/i/zc?£/ into electrons and protons. In the 
atmospheres of the hot O stars, then, there are very few neutral hydrogen att.ms left to 
absorb radiation at wavelengths corresponding to the Balmer or any other series of spectral 
lines. The Balmer lines are weak in 0-star spectra, therefore, because hydrogen is largely 
ionized in the atmospheres of these stars. Consider next the B stars, which are somewhat 
cooler - in the range of 1 1 000 K to 25 000 K, At these lower temperatures, a smaller 
fraction of the hydrogen atoms is ionized by collisions. Thus, the Balmer absorption lines 
are stronger in B stars than in 0 stars. 
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In sUirs ot still lowur tcinperuturu, a nuw criVLit becomes importuiit. It isslill triii^ Unit 
thu lower thu tuiiipcriiture, the snuillur the rruction of hydrogen utuins that are ionizetl. But, 
at lower temperatiires, collisions between the aloms are less energetic and tlius also less 
erieetive in cxviiin^ the electrons up to higher energy orbits. The result is that niosl of the 
atoms have iheir electrons in tlie // - I orbii of lowest energy. Such atoms can absorb 
Lviuuii wa\elengtlis of radiatit)n, which eorrespond to transition from the // ^ 1 orbit up to 
liiuher orbits (fig. 10), but not the Balmer wavelengths. Therefore, as vve exaniine spectral 
types F (about 7000 K). G (about 5000 K).. type K (about 4000 K), and M (about 300O K), 
the Balmer lines fade steadily: lewcr and Icwer atoms are ^^candidates'' for Balmer 
absorption. As it happens, the competition between the eftects of excitation and ionization 
yields the most favorable conditions for Balniur absorption at temperatures typical ot the 
A4ype stars. If astronomers of the early 1900s could cmly have studied the absorption lines 
of hydrogen in other regions of the eleclronuignetic speetrum (unfortunately blocked out 
by the Hartirs atmosphere), they would have rculized at once that the range of strengths of 
the Balnier lines in stellar spectra is not due primarily to actual hydrogen abundance 
difterences among stars. Rather, this variation in Balmer line strengths is due largely to the 
combined effects of excitation and ionization of the hydrogen atoms in ihc atniosphcrcs of 
the stars - eftects which depend strongly upon temperature. 

3. Complex atoms and ions in stellar spectra. An atom or ion with two or more electrons 
is said to be complex. Because the motion of each electron about the nucleus is innuenced 
by the presence of all the other electrons, a complex atoni or ion cannot be described m 
terms of a collection of simple, Bohr^ype orbits similar to those used to describe the 
hydrogen atom. Rather, the structure of a eomplex atom is critically dependent upon the 
number of electrons actually present. The most striking aspect of this depondence is the 
tendency of the electrons to occupy distinct groupings called slwlls nt various average 
distances from the nucleus. The ^'shell structure^' of a complcK atom is responsible for its 
chemical properties and is discussed more fully in chemistry textbooks. 

Like hydrogen, however, a complex atom or ion has certain definite of eiicmy 

corresponding to different arrangements of the electrons around the nucleus. 
Klectromagnetic radiation is emitted or absorbed in tmmitUm from one atomic energy state 
to another. In the case of complex atoms, unrortunately, there is no simple Rydberg-type 
formula for the wavelengths of radiation emitted or absorbed. These must be determined 
from laborator)^ measurements or from difficult, approximate calculations based on the 
quantum tlieory of atomic structure, 

Complex atoms arc also like hydrogen in that they can be excited to states of higher 
energy by either radiation or collision. However, when a complex atom is ionized by the 
removal of an electron, the resulting syi-tem - consisting of the nucleus together with the 
remaining electrons ^ is a positive ion which itself is capable of emitting and absorbing 
electromagnetic radiation. It is important to note that the spectnim of an atom Is entirely 
dit]crent from the spectrum of any of its iom, which also dljfer completely from each 
other. The general appearance of the spectrum depends mainly upon the number of 
electrons still attached to the nucleus. 
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Bucaiise collisions betwueii the utoms arc usunlly the main cmisu of ionizutionj the 
tlugreu of ionization of a complex atom in a stellar utmosphere is an important indicator of 
temperature. If the lines uf a neutral atom are missing in a stellar spectrum, it does not mean 
that there is none of that element in the stellar atmosphere. It may be that the atoms are 
ionized one or more times. In a complete spectral analysis, scientists look for both the 
spectral lines of a neutral atom unci the spectral lines of its various ions, Since the nuclei are 
unuflectcd by the ionization process, the true abundance of an element is determined by the 
number of nuclei of that element present in the atmosphere* The number of electrons stilt 
attached to those nuclei - that Is, the stage of ionization - depends upon the teitiperature 
(and also the density) of the gas. Unfortunately, the spectral lines of most positive ions fall 
in the ultraviolet or even X-ray regions of the spectrum because large amounts of 
ylectroniagnetic energy are involved in the electronic transitions, and such wavelengths are 
blocked out by the Earth s atmosphere. A nmpletc analysis of stellar spectra thus demands 
observations made above the Earth*s atmosphere, As a result of the United States space 
program, and particularly the efforts of the National Aeronautics and Space Administration, 
many satellite observations of ultraviolet stellar spectra have already been made. A vigorous 
program of such observations will greatly increase our knowledge of stellar properties in the 
future. 

It is gratifying that analyses of the spectral lines of complex atoms and ions lead to 
very much the same conclusions about stellar compositions and temperatures as an analysis 
of the Balmer lines of hydrogen. For example, the neutral atoms of most common metals 
have outer electrons that are rather easily excited to higher energy orbits so that they are 
easily ionized as well. The atoms of magnesium, calcium, iron, and other elements exist as 
positive ions in the atmospheres of the hottest stars; the spectral lines of these metal ions 
generally fall in the ultraviolet and do not, therefore, appear on photographs of the visible 
region of the spectrum. . Only by spectral type F is the temperature sufficiently low to allow 
these atoms to exist in the neutral state. In late-type stars, the lines of neutral metal atoms 
are very numerous in the visible region of the spectrum and dominate its appearance. Recall 
that, by contrast, the Balmer lines of hydrogen are very weak in the coolest stars because of 
insufficient excitation up to the ;i = 2 level, even though hydrogen is far more abundant 
than all other elements combined. 



GLOSSARY 



absorptioii - the removal of colors of light (or wavelengths of electroniagiietic rudiation) 
irom a beam of light or from the radiation of an atom or a substance, 

Aimstrom unit (symbol: A)- a small unit of length, equal to 1/100 000 000 or 10"^ cm, 
used to measure wavelengths of light waves. 

atmosphere, stellar-^^ the hiyer of absorbing gas surrounding the compressed dense central 
portion of a star. 

atom-- the smallest unit of a chemical element, composed of a heavy nucleus surrounded by 
orbiting electrons. 

Bulmer lines - the wavelengths of radiution absorbed or emitted by the hydrogen atom in 
the visible region of the spectrum. 

Bohr orbits-- the circular orbits of possible electron motion in the hydrogen atom. 

complex- as applied to an atom or ion. containing two or more electrons, 

compound, chemical- a substance composed of two or more chemical elements. 

continuous- as applied to a spectrum, one with no missing colors of light or wavelengths of 
electromagnetic radiation, 

electron-- a light, negatively charged particle; in an atom, electrons orbit around the atomic 
nucleus. 

element, chemical- one of the substances (92 of which occur naturally) that cannot be 
broken down into other substances by chemical reaction; composed of atoms. 

eniission- the giving off of colors of liglit (or wavelengths of electromagnetic radiation) by 
an atom or substance, 

excitation-^ the process by which atomic electrons are raised from lower to hi^er energy 
levels through collisions, or the absorption of electromagnetic radiation, 

hydrogen-- the liglitest and most abundant of all elementi; hydrogen atoms contain only 
one electron. * 

\on- a positively charged atomic system created by the removal of one or more electrons 
from an atom, 

ionization- the removal of electrons from an atom by collisions or electromagnetic 
radiation. 

Kelvin temperature scale-= measures temperature above absolute zero; water freezes at 
273 K and boils at 373 K, 
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KirchhotTs laws- laws describing tlie physical conditions under which continuous, 
emission-line, or absorption-line spectra are observed. 

line, spectral- a line of color, or a wavelength of electromagnetic radiation, appearing in 
(eniission) or missing from (absorption) a spectruni. 

molecule- the smallest unit of a chemical compound, composed of two or more utonis. 

neutron— a heavy nuclear particle carrying no electric charge, 

nucleus-^ the small, dense central part of an atom, composed of protons and neutrons, 
around whicli atomic electrons orbit. 

photon— a "particle'' of electromagnetic radiation carrying a quantum unit of energy 
proportional to the frequeney of the radiation* 

proton- a heavy, positively charged nuclear particle, 

quantum (plural: quanta)— a small, but dennite, amount of energy carried by a photon of 
electromagnetic radiation, 

sequence, spectral- the arrangement of stellar spectral types in order of decreasing 
temperature: OB-A-F-G-K-M. 

spectroscopy— the analysis of light or electromagnetic radiation in terms of its component 
colors or wavelengths. 

spectnnTi (plural: spectra)= the array of colors of light or wavelengths of electromagnetic 
radiation present in a source of light or radiation* 

spectrum, electromagnetic- the array of all possible wavelengths of electromagnetic 
radiation, from gamma rays (shortest wavelength) to radio waves (longest wavelengthX 

spectrum, visible— the range of wavelengths of electromagnetic radiation, from 4000 A to 
7000 A, visible to the human eye. 

type, spectral- the classification of a stellar spectrum, based on its overall appearance, into 
one of the categories of the spectral sequence. 

wave^ electromagnetic^ a wave generated by the acceleration of electric charges and 
characterized by rapidly varying electric and magnetic force fields; moves with the 
speed c - 300 000 km/s in a vacuum. 



37 



24 



REFERENCES AND TEACHING AIDS 



(A) Phvsics- Pmcipk's and Pmhlums, by Murphy, James T. and Smoot, Robert C; Mernll 
Piiblisliing Co., Columbus, Ohio, 1972. A good example of a physics text at the 
high-school level, containing a careful discussion of elcctromagnctisin and atomic 
theory. 

(B) Phvsical 'Science: An Interrelated Come, by Ruilly, Judith G. and Vantler Pyl, Adrian 
W,; Addison- Wesley, 1970. A text at the junior-college level with extensive aiscussion 
of atomic theory, 

(C) Physical Science, by Bootlie, Veme H.; Macmillan, 1970 (2nd edition). A junior college 
level text with attractive reproductions of atomic spectra in color, 

(D) Exphratiou of the Universe, by Abell, George; Holt, Rinehart, and Winston, 1969 (2nd 
edition). One of the many excellent astronomy texts at the college-freshman level, with 
a good discussion of stellar spectra. 

(E) (xitaiog of Photographs and Slides from the Hale Observatories, obtainable from the 
California Institute of Technology Bookstore, Pasadena, Cahfomia. Lists many 
commercially available slides of solar and stellar spectra. 



38 

25 



CLASS EXERCISES 



(I) Basic Topics 

(a) Spectrum identification laboratory activity: equip ^tutlcnts witli (*) diriraction 
gratings or student spcctroscopus, and (2) strips of black construction paper togetlier with 
coloivd chalk; the teacher will need (3) gas-tube light sources, such as neon, mercury, 
sodium, etc., and (4) a chart in the colors of the emission spectra the gases in the liglit 
sources, With lights otT, have students sketch on tliclr black strips with the colored chalk the 
emisRion lines they see from the glowing gas tubes. When several spectra have been sketched, 
ask students to identity the gases by comparison with the spectra illustrated in the 
laborutory color chare. If individual diffraction gratings are available, students may take 
these hDnie and observe nicrcury- and sodiuni-vupor street lights through them. 

(b) Solar absorption linis: you will again need gratings or spectroscopes, After masking a 
suitably placed classroom window with opaque paper (and drawhig the shades on the 
others), allow a beam of sunlight to enter the room and fall upon a white wall or white sheet 
of paper* Try to observe with gratings or spectroscope the solar absorption lines in the 
sunlight retlected from the white surface* (The lines may be faint and hard to see, but, to 
avoid eye damage, be sure to caution students never to observe the Sun directly, even with a 
diffraction grating or spectroscope*) 

(II) tntarmBdiate and Advanced Topics 

(a) Wavi motion: Use a ripple tank, a long metal spring, or other means to demonstrate 
various forms of wave motion. Make sure students see and understand what is meant by the 
speed, rrequcncy, and wav^lengtli of the waves, and show that the equation relating these 
quantities holds for all of these types of wave motion, 

(b) The electromagnetic spectrum: Assign outside reading or projects on the ways in which 
gamma rays, X-rays, microwaves, and radio waves are detected. Discussion of this reading 
can related to the use of X-rays in medicine, the cooking of food by microwaves, and the 
production and reception of radio waves by antennas. In the same vein, you miglit ask 
students why they would be unable to get a suntan behind a glass window, even thougli they 
would feel the heat of the Sun. (Answer: glass absorbs ultraviolet wavelengths of radiation, 
which produce a sUntan^ but transmits the heating infrared wavelengths,) 

(c) Wave nature of light: If equipment is available and students have sufficient 
background, demonstrate the wave nature of light by single- and double-slit interference and 
diffraction experiments. (Suitable sHts may be made by mling fine scratches in 
^aphite-blackened microscope slides,) 
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QUESTIONS AND ANSWERS 



(1) Basic Topi^ 
A. What are Atoms? 

Q: What is the difference between a molecule and an atom? (A: An atom is the smallest 
unit of a chemical element. A molecule^ the smallest unit of a chemical compound, 
consists of atoms joined together.) 

Q: What is the structure of an atom? (A: A small, dense, central nucleus, surrounded by a 
cloud of orbiting electrons.) 

Q: What particles make up the atomic nucleus? (A: Protons and neutrons.) i 

Q: What holds an atom together? (A: A force of electrical attraction between the 
positively charged nucleus and the negatively charged electrons. 

O: Which requires more energy — to break apart atoms into electrons and nuclei or to 
break apart nuclei into protons and neutrons? (A; Much more energy is required to 
break apart nuclei.) 

Bp Light and Spectroscopy 

Q: Who first showed that white light is a mixture of all the colors of the rainbow, and how 
did he do it? (A: Isaac Newton, by spreading out the liglit with a prism which separates 
the colors,) 

0: Why is it convenient to use a slit source of light in spectroscopy experiments? (A: 
Because the wide band of colors is easy to study,) 

Q: What kinds of light sources produce a continuous spectrum? (A: Hot, glowing^ solid 
bodies or highly compressed gases,) 

Q: How is an absorption^ine spectrum produced? (A: By passing white llglit, containing a 
continuous spectrum of colors, througli a gas.) 

Q: Are the colors of light absorbed by an atom of a gas the same as, or different from, the 
colors emitted by that atom? (A: The same*) 

Q: How can the composition of a sample of gas be found by spectroscopic analysis? (A: 
By comparing the spectrum of the gas^ in either emission or absorption^ with 
laboratory spectra of the elements,) 

C. The Light from the Stars 

Q: What kind of spectral lines do we see in the spectra of most stars - emission lines or 
absorption lines? (A: Absorption lines.) 
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Do stellar spectra look mostly the same? (A: No; there are very great differences 
between themj 

What is the main cause of the differences between the various types of itellar spectra? 
(A: Differences in the temperature of the stars.) 

What conclusions have astronomers drawn about the chemical composition of the 
stars? (A: The chemical composition of most stars is roughly the same as that of the 
Sun: about 90 percent hydrogen, 10 percent helium, and several percent of the 
remaining elements, by nuclear count,) 

Intermediata and Advan^d Topies 

Mora About Light: Electromagnetic Radiation 

How are the wavelength, frequency, and speed of a wave related? (A: The wavelength 
times the frequency equals the speed of the wave,) 

What is an Anptrom unit, and why is it a convenient unit m which to measure 
wavelengths of light? (A: One Angstrom equals 1/100 000 000 centimeter, convenient 
because light wavelengths are so smalL) 

What is the ^Visible spectrum?" (A: Those wavelengths of radiation in the range 
4000-7000 A that the human eye can see.) 

What are the names for the various regions of the electromagnetic spectrum? (A: In 
order of increasing wavelength: gamma-ray, X-ray, ultraviolet, visible, infrared, 
microwave, and radio.) 

How is the energy of a photon of electromagnetic radiation found from the frequency 
of the radiation? (A: The energy equals the frequency multiplied by Planck's constant 
h.) 

Kirchhoffs laws describe the conditions under which the three basic kinds of spectra 
are observed; what are these kinds of spectra? (A: Continuous, emission-line, and 
absorption-line.) 

Hydrogen: The Simplest of All Atoms 

What series of spectral lines of hydrogen lie in the visible region of the spectrum? (A: 
The Balmer series.) 

What quantities does the Balmer formula allow us to calculate? (A: The wavelengths of 
the Balmer lines of hydrogen.) 

What are the "Bohr orbits?'' (A: The circular orbits of permitted electron motion in 
the hydrogen atom.) 

How does the electron in a hydrogen atom jump when the atom emits or absorbs 
radiation? (A: In emission^ Ihe electron jumps down from a larger, higher energy orbit 
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to a smaller, lower energy one; in absofption, the electron jumps from a smaller to a 
larger orbit.) 

Q: What is the number of the orbit from which, or to which, the electron jumps if the 
hydrogen atom absorbs or emits Balmer wavelengths of radiation? (A: The n ~ 2 orbit,) 

C. Stellar Speotral Types 

Q: What is the order of spectral types in the spectral sequence? (A: The order is 
0'B«A-F-G=K"M.) 

Q: How does the strength of the Balmer lines of hydrogen vary with spectral type? (A: 
Weak in type stronger in type B, strongest in type A^ decreasing in strength througli 
types F, G, K, and Mj 

Q: What explains the weakness of the Balmer lines in the hottest stars (type O) and the 
coolest stars (type M)? (A: In type O stars, the hydrogen is mostly ionized; in type M 
stars, few hydrogen atoms have their electrons excited up to the ^ ^ 2 orbit by 
collisions.) 

Qi If we cannot detect the spectral lines of a neutral atom in a stellar spectrum^ does that 
necessarily mean that there is little or none of that element in the stellar atmosphere? 
(A: No, not necessarily; the atoms may be ionized one or more times.) 
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